Electrochemistry studies on the derivatives of graphene have been in the forefront of chemical research in recent years. The large specific surface area, high electrical conductivity, fast electron transfer rate and excellent biocompatibility to biomolecules constitute a few of the underlying reasons for the extensive application of graphene derivatives in modern electrochemistry and related technologies. Much interest in graphene derivatives has been driven by the ease of intentional functionalisation of the carbon backbone of graphene with dopants, such as nitrogen.
Doping enhances the electrical conductivity and biocompatibility of nitrogen-doped graphene (NGr) nanomaterials and aids in their potential applications in electrochemical sensing and spectroelectrochemical devices. Despite the application of NGr in electrochemical sensing devices, the major challenge for reproducible industrial application still lies in the use of surfactants and binders and the limited knowledge on the correlation between the N-configurations and the electrocatalytic performance of these NGrbased electrodes. Therefore, the purpose of this short review article is to highlight some recent progress on the application of NGr derivatives for electrochemical detection of biomarkers such as uric acid and dopamine. The paper will also illustrate design parameters for new surfactantfree two-dimensional (2D) N-doped graphene based electrochemical sensors with variable N-functionalities for the detection of dopamine and uric acid.
Introduction
In recent years, the ever-growing demand for efficient and cost-effective disease diagnosis in order to improve the quality of life for today's global community is greatly sought after. One of the many ways to achieve the aforementioned demand has been through the use of electrochemical methods for environmental monitoring, disease diagnosis, detection of drugs in pharmaceutical assays or biological fluids and energy storage (1) (2) (3) (4) (5) (6) (7) (8) Evaluating the correlation between the content of N-configurations and the sensing for electrochemically active molecules scientific disciplines, for the present day needs of science and society, is increasing (7) (8) (9) (10) (11) (12) (13) (14) (15) . The term 'better' here relates to electrodes which are robust and have higher conductivity, excellent selectivity and enhanced sensitivity. The electrodes must also be non-poisonous, should involve simple preparation procedures and be cost-effective. A wide range of electroactive molecules and biological species that have been studied by electrochemical techniques include the detection of dopamine (DA) and uric acid (UA); solely due to their vital roles in metabolic and physiological processes in human bodies (5) (6) (7) (16) (17) (18) (19) (20) (21) (22) (23) (24) . For instance, abnormal levels of DA and UA are a powerful indicator for the diagnosis of Parkinson's disease, schizophrenia, gout, LeschNyhan syndrome and lymphoma (24) (25) (26) (27) . Thus, the rapid and accurate electrochemical detection of DA, UA and their metabolites, at nanomolar concentrations, is required not only for clinical diagnosis but also for the prevention of disorders arising from their deficiencies.
Despite the good sensitivity displayed by electrochemical methods for the detection of DA and UA, severe overlap of the oxidation potentials of DA and UA with other molecules like ascorbic acid (AA) (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) at conventional electrodes remains a problem. Additionally, the frequent replacement of traditional electrodes due to fouling (28-30) is a major contributing factor during the detection of UA. To address these problems, considerable research efforts have been devoted to the improvement of the electrode surfaces as well as the development of new electrode materials that can separate the signal potentials of DA, UA, AA and other molecules. This includes the use of various nanomaterials such as metals and metal oxides, carbon nanomaterials and magnetic nanoparticles (31) (32) (33) (34) (35) (36) (37) (38) . Among the commonly used carbon nanomaterials, derivatives of graphene have played tremendous roles in electronics, electrochemistry and sensor communities. Recent research on the electrochemistry of graphene-based nanomaterials has shown that these structures have excellent electrocatalytic activity, good biocompatibility with amino acids and proteins, extraordinary conductivity and a large specific surface area (39, 40) . The ultimate interest for the employment of graphene-based nanomaterials in electrochemical sensors is based on the chargeactive (bio)molecule interactions at π-π domains. Additionally, intentional tailoring of the electronic and electrochemical properties of graphene through the incorporation of p-block elements such as nitrogen, in the form of pyridinic-, pyrrolic-, graphitic-N and oxidised pyridinic-N (Scheme I) (41) , has been found to be a promising method for improving the performance of graphenebased electrochemical sensors (42) (43) (44) (45) (46) . For instance, theoretical and experimental studies have indicated that high concentrations of both pyridinic and pyrrolic N-configurations improve the biocompatibility of N-graphene materials through enhanced hydrogen bonding as well as through the π-π interactions between the graphene and the electroactive molecule (47, 48) .
Thus introduction of N atoms into the carbon backbone of graphene could enable the electrocatalytic performance and biocompatibility of N-graphene based sensors to be easily tuned by controlling the amount of each N configuration. However, little information has been documented on the effect of relative concentrations of each N-configuration on the subsequent electrocatalytic performance of N-graphene based electrochemical sensors. Therefore, the aim of this article is to summarise the progress on recently developed sensing techniques for electrochemical detection of biomarkers, mainly UA and DA, with the main emphasis on derivatives of graphene. In the first section of the article, graphene-based materials that have been recently used for the development of electrochemical sensors of DA and UA are discussed. This will include graphene oxide (GO), graphene quantum dots (GQD) and reduced graphene oxide (RGO). Subsequently, several surface modification approaches and major factors that influence or enhance the sensing performance of these graphene-based DA/UA sensors will be reviewed. The main focus of the last section will be on the variations of the electrocatalytic performances of recent up-to-date graphenebased sensors, as conferred by the introduction of p-block heteroatoms, with special emphasis on N dopants.
Graphene-Based Materials for Detection of Dopamine and Uric Acid
Graphene, an allotrope of carbon with a 2D structure and the first example of a free-standing and stable 2D material, has attracted enormous research interest in science communities (39, 40, 49) . The large electrical conductivity, surface area, high tensile strength and thermal properties make graphene a promising and ideal candidate material for application in fields such as nanomaterials, supercapacitors, nanoelectronics, catalysis, nanophotonics and sensors (39) (40) (47) (48) (49) . Recently, graphene derivatives have been intensively employed as modification materials on the surface of different electrodes for detection of various analytes (28) (29) (30) 50) . However, the usefulness of different graphene derivatives for engineering selective, sensitive and stable electrochemical biosensors is in large part dependent on their structure. This is because the morphological and intrinsic properties of various graphene moieties control the limit of detection (LOD), sensitivity, selectivity, repeatability and biocompatibility of any graphene-based electrochemical biosensors. Scheme II shows some of the major graphene derivatives, pristine (Scheme II(a)) and functionalised (Scheme II(b)-(d)), that have recently been intensively employed to modify different electrodes for detection of various analytes (28) (29) (30) 50) . It can be seen that the structure of pristine graphene is characterised by an array of sp 2 -hybridised carbon atoms arranged in a 2D hexagonal lattice (39, 40, 49) . The carbon backbone can be oxidised to form GO (51, 52) or the oxygen functionalities can be removed via the use of chemical, electrical or thermal procedures to form a defect-filled structure of RGO (53, 54) . On the other hand, different preparation methods can be adopted to synthesise few nanometresized graphene moieties known as GQD, due to their quantum properties (55, 56) . Owing to the photoluminescence properties of GQDs, these derivatives of graphene have found application in the field of optochemical biosensors (57, 58) .
The majority of graphene-based electrochemical sensors for DA and UA are fabricated from suspensions and powders of different types of GO derivatives such as thermally reduced graphene oxide (TRGO), electrochemically reduced graphene oxide (ERGO), hydrothermally prepared multi-nanoporous graphene and chemically reduced graphene oxide (CRGO) (59) (60) (61) (62) (63) . For instance, Wang and coworkers as well as Zhu et al. reported on the fabrication of porous graphene provided channels that accelerated the diffusion of the electrolyte and promoted the mass transfer process (59, 60) . They observed that the large accessible surface area and the highly conductive channels, due to the presence of abundant carboxylic or hydroxide groups, edges and defective sites, remarkably enhanced the electrocatalytic performance and selectivity of this three-dimensional (3D) graphene modified glassy carbon electrode (GCE) for the simultaneous detection of DA and UA. However, the use of corrosive chemicals during the synthesis steps of the porous graphene led to loss of the surface area as well as a lowered degree of reduction (11, 59) . (64) . As a result, these greatly enhanced the electron transfer activity between the molecules and graphene and also increased the surface area for adsorption of these electroactive molecules. Electroanalytical data for the selective determination of DA and UA by use of electrodes modified with various graphene derivatives are listed in Table I (11, (59) (60) (61) (62) (63) (64) (65) ). An informative review on the applications of graphene for electrochemical sensing and biosensing was recently published by Pumera et al. (33, 34) . Although the abovementioned derivatives of graphene have shown excellent electrocatalytic activity towards DA, UA and AA at various conventional working electrodes, tedious and irreproducible pretreatment steps are frequently required to immobilise the as-synthesised powdered graphene on the electrode surface. This is achieved by using specialised electrode surface modification techniques, such as surface coating of conventional electrodes or generation of a carbon paste with surfactants and binders like sodium dodecyl sulphate (SDS), dihexadecyl phosphate (DHP) and Nafion TM , in order to immobilise the graphene nanomaterials on the electrodes (66) (67) (68) (69) (70) (71) . Furthermore, the aggregation of the graphene nanosheets during electrode preparation led to loss of electrocatalytic activity towards the oxidation of biomolecules (8, 10) . Thus a protocol for the fabrication of surfactantfree graphene-based biosensors is needed and this was illustrated in our previous studies (65) . In the study, chemical vapour deposition (CVD) grown graphene films were used as a modifying material for the indium tin oxide (ITO) electrode for the detection of DA and UA (Figure 1) . The choice of the working electrode was based on the fact that the ITO electrodes are less commonly used as electrochemical electrode materials (72, 73) , although they have profound application in energy storage and energy devices (38, 40, 74, 75) . We found that under optimised differential pulse voltammetry (DPV) conditions, Gr/ITO electrode exhibited wide linear ranges, fairly reasonable stability and reproducibility, as well as good selectivity for both DA and UA. However, the Gr/ITO suffered poor sensitivity and high detection limits (S:N = 3) for DA and UA, with the limits of detection determined to be 4.23 µM and 5.94 µM, respectively. The promising electrocatalytic performance was ascribed to the 'flat' 2D structure of the graphene films due to the abundance of surface carbon atoms available for electron transfer with both DA and UA. Thus, the results showed that with further improvements such as control of the defect density and the thickness of the graphene films, Gr/ITO electrodes are promising candidates for simultaneous determination of DA and UA. 
Surface Modification Approaches for Graphene-Based Electrodes for Dopamine and Uric Acid
The structural and remarkable properties of different derivatives of graphene have rendered them promising and potential candidates for successful exploitation in electrochemical and biosensing applications. As sensitive and selective as the graphene derivatives have proved to be for the electrochemical sensing of biomarkers such as DA and UA, a great deal of research effort has been devoted to further improving the structural and intrinsic properties of graphene in order to engineer high-performance graphene-based electrochemical sensors that stand a chance to compete with their metal or metal oxide-based counterparts. As such, a variety of surface modification approaches have been explored, including introduction of heteroatoms into the graphene lattice (48, 76, 77) or formation of composite materials of graphene with other carbon nanostructures, polymeric materials, as well as metal and metal oxides (78) (79) (80) (81) (82) (83) (84) (85) . This is because surface modification increases the surface-areato-volume ratio of the graphene-based electrode; therefore the signal transduction can be amplified, leading to higher sensitivity compared to the conventional sensing surfaces. Thus, this section reviews the recent surface modification techniques used for the fabrication of graphene-based electrochemical sensors for DA and UA, with the focus on highlighting the design of surfactant-free graphene-based electrodes for DA and UA.
Graphene Composite-Based Electrodes for Dopamine and Uric Acid
Lately, numerous modified electrodes based on different graphene derivatives have been successfully employed for the electrochemical detection of DA, UA and many other electrochemically active biomarkers. Such electrodes include, but are not limited to the modification of conventional electrodes with GO-metal oxide or GO-carbon nanomaterial composite, GO-bimetallic nanoclusters and GO-polymer nanosheets (78) (79) (80) (81) (82) (83) (84) (85) Fig. 1 . DPV curves for a system containing; (a) fixed concentrations of UA (10 µM) and different concentrations of DA; (b) fixed concentrations of DA (10 µM) and different concentrations of UA on Gr/ITO electrodes at 0.1 M buffer pH 6.02 (65) the combined large accessible surface area of both RGO and CNTs, as well as the presence of highly conductive channels of the CNTs which facilitated a faster mass transfer process. On the other hand, various reports indicated that inclusion of the catalytic metal nanoparticles on the surface of the working electrode can also enhance the performance of the graphene-based chemical sensors (65, (80) (81) (82) (83) (84) (85) . Metal and metal oxide nanoparticles are the most widely used catalysts because of their unique chemical, electrical and catalytic properties. Therefore, the presence of the metal nanoparticles on the graphene-modified electrode surface greatly increases the overall sensing surface area, facilitates faster electron transfer rate for electrocatalytic oxidation, thus leading to a sensitive and selective signal response. For instance, Zhang and coworkers reported that the excellent synergistic effect between GO and gold nanoparticles as well as the combined high electrical conductivity of gold nanoparticles and the ITO electrode led to high performance sensors of DA (80) . In addition, He et al. showed that combining the good catalytic activity of copper oxide (Cu 2 O) nanoparticles with the excellent dispersion ability of reduced graphene, led to a facile fabrication of a sensor exhibiting rapid response, a low detection limit and a wide linear range for simultaneous detection of DA, AA and UA (85) . As a result, numerous reports have shown that fabricating a composite of the graphene derivatives with either metal oxide or bimetallic nanoparticles enhanced the sensitivity and improved the selectivity of such electrodes for the simultaneous detection of DA, UA and various analytes (83) (84) (85) (86) (87) (88) (89) (90) (91) (92) . The excellent electrocatalytic performance was also attributed to the synergistic effect between graphene derivative and the nanoparticles. Specifically, in terms of the ability of graphene to facilitate good dispersion of the nanoparticles, the presence of abundant oxygen functionalities for improved π-π interaction between the molecules and the edgeand plane-like binding sites on the electrode surface, as well as the high electrical conductivity of catalyst nanoparticles. Thus, incorporation of metal nanoparticles has proven to greatly improve the electrocatalytic activity of the graphene-based sensors for DA and UA. However, pre-treatment procedures such as surface coating or generation of a carbon paste with surfactants and binders like SDS, DHP and Nafion TM , are mandatory in order to immobilise the graphene/nanoparticle composites on the electrodes (66) (67) (68) (69) (70) (71) . Secondly, leaching of the metal nanoparticles into the electrode, if not immobilised carefully, constitute one of the major drawbacks of the promising potential application of electrochemical sensors based on graphene-metal composites. Moreover, electrode surface modification with graphene/ nanoparticle composites may result in an increase in background noise and faster electrode fouling due to chemical reactions which can occur between the nanoparticles and surfactants or binders.
To circumvent this issue, we proposed a protocol for fabricating surfactant-free graphene/ nanoparticle-based electrochemical sensors for detection of DA and UA (65) . By using an electroless deposition procedure, platinum and palladium nanoparticles were supported on CVDgrown graphene films. Thereafter, the graphene/ nanoparticle composites were used as modifying material for the ITO electrode for the detection of DA and UA (Figure 2) . Regardless of the different binding behaviours of Pt and Pd on the surface of graphene, with Pt showing a weak physisorption binding energy of <0.5 eV and Pd demonstrating a strong chemisorption binding energy of >0.8 eV (42), the electrochemical performances and stability of these composite-based ITO electrodes were also found to be dependent on the sizes of the metal nanoparticles, as reported in literature (65, (83) (84) (85) . For instance, modification of the graphene films with small Pt nanoparticles (5 ± 3 nm) enhanced the sensitivity of these electrodes for DA and UA, in comparison to their pristine counterparts and graphene films modified with large Pd nanoparticles (22 ± 7 nm). As this was a pioneering study for the use of electroless deposition of metal nanoparticles on CVD-grown graphene films for electrochemical detection of DA and UA, we propose that more studies should be performed in order to investigate the influence of same-sized Pt and Pd nanoparticles as well as the intentionally controlled structural and electronic properties of graphene films for the detection of DA and UA.
P-Block Element Doped Graphene-Based Electrodes for Dopamine and Uric Acid
Incorporation of p-block elements, such as nitrogen, boron, hydrogen, oxygen, sulfur and fluorine, is currently one of the promising procedures for intentional tailoring of the electronic and electrochemical properties of graphene (41, (44) (45) (46) . Doping is also an effective way to modify the local chemical activity of graphene derivatives, subsequently widening their application in various technological devices (40, 93, 94) . Among the various dopants, N is the most widely used for improving the performance of graphenebased electrochemical sensors (42) (43) (44) (45) (46) showed that GCE modified NGr nanosheets exhibited an enhanced electrocatalytic activity towards the oxidation of AA, DA and UA in comparison with the bare and the undoped graphene modified GCE (48). Han et al. reported that modification of the GCE with chitosan-functionalised graphene showed excellent sensitivity and selectivity towards the electrocatalytic oxidation of DA, UA and AA (42) . These research reports and many more in the literature highlight that the enhanced biocompatibility and sensitivity of NGr in electrochemical sensors can be attributed to the presence of N atoms which provide a large amount of edge-and plane-like binding sites for biomolecules (7, (11) (12) (13) (14) (15) 28) . This can be attributed to the various ways in which N atoms become incorporated into the graphene lattice (Scheme I) (41) , thus providing abundant binding sites for adsorption of DA and other electroactive biomolecules (47, 48) . Even though the successful application of the powdered N-doped derivatives of graphene, as well as other N-doped carbon nanomaterials, in electrochemical sensors has been reported by various research groups, little attention has been paid to the influence and contribution of the content of each N-configuration on the electrocatalytic activity of N-graphene nanosheets towards the oxidation of biomolecules such as DA.
As such, using large-area N-doped graphene films with well controlled N-configurations (41), we developed a platform for studying the influence of the content of each N-configuration on the inherent electrocatalytic activity of the N-graphene films towards the oxidation of DA and UA, in the presence of their common interfering agents (95, 96) . From Figure 3 , the electrochemical responses of DA, UA and AA at the different modified NGr/ITO electrode surfaces are observed to vary due to the different interactions of the electroactive molecule with the N-configurations on the NGr/ITO electrode surface. For example, all NGr/ITO electrodes showed enhanced voltammetric responses for DA and UA, suggesting improved sensitivity. Conversely, the low voltammetric responses of AA at all NGr/ITO electrodes are due to the electrostatic repulsion of negatively charged AA molecules (pKa = 4.1) from the electron-rich NGr-electrode surface. Generally, the good selectivity and sensitivity of NGr-2/ITO electrodes were attributed to the good interaction between the hydroxyl and amine groups on the DA and UA and the defective N binding sites (NOx, pyrrolic-N).
Comparison of the electroanalytical parameters of our fabricated NGr/ITO electrodes with the reported N-doped carbon-based electrodes ( Table III) , indicated that modification of the surface chemistry of the 2D NGr films supported on the ITO electrodes, via control of the content of the N-configurations, led to the development of electrochemical sensors exhibiting comparable or better electrochemical performance (7, (95) (96) (97) (98) (99) (100) . In particular, the electrochemical performance for DA and UA at all NGr/ITO electrodes was dependent on the presence of defective N-configurations, especially pyrrolic-N and NOx, whereas relatively high concentrations of graphitic-N configurations hindered the electron transfer. This was facilitated through increased hydrogen bonding and improved π-π interaction between DA and the carbon surface (74, (97) (98) (99) . Most importantly, the structure of the electroactive molecule was also found to be the major determining factor for electrochemical performance of differently N-doped graphene electrodes.
Conclusions
In this article, we have illustrated that, although research on graphene-based electrochemical sensors for DA and UA started almost a decade ago, a great deal of effort has been devoted to improving the electrochemical performance of these sensors. In our previous studies, we demonstrated a new strategy of designing surfactant-free electrochemical sensors for the selective and sensitive detection of DA and UA in the presence of interfering agents. This new strategy is based on the modification of ITO electrodes with differently N-doped graphene films. The study indicated a good correlation between the relative concentrations of different N-configurations of N-doped graphene films with the electrocatalytic activity of the NGr/ ITO electrodes towards the oxidation of DA and UA. Therefore, by combining the highly conductive 2D structure of graphene with the excellent conducting properties of ITO electrodes and a careful control 
a N-doped graphene film (NGr); N-doped RGO nanosheets (NGO); N-doped graphene fibres (NGF); N-doped hierarchically porous carbon (NHPC); mesoporous N-doped carbon (MNC); N-doped hollow carbon spheres (NHCS); N-doped carbon nanofibers (NCNF) of the N-configurations, a satisfactory performance for the electrocatalytic oxidation of DA and UA in the presence of high concentrations of their most common interfering agents was established for NGr/ ITO-based electrodes. Finally, the study indicated that, not only should the correlation between the N-configurations and the electrochemical performance of N-graphene-based electrodes be considered, but also the structure of the electroactive molecule of interest must be taken into serious consideration for the development of satisfactory N-graphene based electrochemical sensors. 
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